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ABSTRACT

Prince, Gabrielle, S. M. S., University of South Alabama, August 2022. The location and
conformation of Titin in Caenorhabditis elegans muscle. Chair of Committee: Ryan,
Littlefield, Ph.D.
Striated muscles consist of contractile myofibrils that generate force. The
repeating units (sarcomeres) of striated myofibrils contain thin & thick filaments
composed of actin and myosin. In vertebrates, titin connects thin & thick filaments during
myofibril assembly and produces passive tension. Invertebrate homologs of vertebrate
titin are similar in structure molecularly. However, invertebrate titin homologs are
smaller than vertebrate titin, and likely function differently within invertebrate muscles.
Here, I used Ce-TTN-1, a titin homolog in the invertebrate roundworm C elegans. To
visualize Ce-TTN-1 in C. elegans, I used Nested CRISPR gene editing to generate
translational fusions of a red fluorescent protein at Nterm- TTN-1 or Mid- TTN-1. I then
colocalized Nterm-wrmScarlet-TTN-1 and Mid-wrmScarlet-TTN-1 proteins with DEB-1GFP. By confocal microscopy, Ce-TTN-1 appeared as narrow striations within BWM
while DEB-1-GFP was punctate. Statistical analysis done with Google Colaboratory
showed distances between and the locations of Nterm-wrmScarlet-TTN-1 and MidwrmScarlet-TTN-1 were indistinguishable from each other. Using software called
JACOP, Nterm-wrmScarlet-TTN-1 and Mid-wrmScarlet-TTN-1 crossed with DEB-1GFP showed some colocalization but showed no evidence of localization of wrmScltTTN-1 to the DBs, indicating that Ce-TTN-1 may be unstretched.

x

CHAPTER I
GENERATION OF TRANSGENIC CAENORHABDITIS ELEGANS TO
VISUALIZE TTN-1
1.1 Introduction

1.1.1 Muscle Structure Background
In animals, striated muscles generate the forces necessary for movement, posture,
strength, and cardiac function. Muscle cells contain myofibrils that produce contractile
forces that power movement. Myofibrils consist of repeating, contractile units
(sarcomeres) that contract and shorten and are responsible for muscle elasticity.
Sarcomeres include two filamentous systems that are conserved among all animals. Polar
actin (thin) filaments are crosslinked at Z lines and extend through the isotropic (I-band)
region. Bipolar myosin (thick) filaments are bundled and aligned at M lines and extend
through the anisotropic (A-band) region (Fig. 1). Myosin motors form cross-bridges
along the actin filaments in the presence of ATP and calcium ions (Leonard and Herzog,
2010). Calcium ions are released from the sarcoplasmic reticulum into the sarcoplasm
and bind to the sarcomeric troponin and move the tropomyosin, allowing the myosin
heads in the thick filament to bind to the actin-binding sites. This interaction between thin
and thick filaments produces contractile forces that causes sliding of the thin filaments
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past the thick filaments resulting in shortening of the myofibril, a concept that is known
today as the sliding filament theory (Remedios and Gilmore, 2017).

Figure 1. Vertebrate Sarcomeric Proteins. Pink ovals indicate
myosin heads protruding from the myosin containing thick filament.

Although the sliding filament theory successfully describes how the thick and thin
filaments interact to produce force and shorten during muscle contraction, it was
recognized to be incomplete when a third filament system was discovered in striated
muscles that connected the thin and thick filaments together. The main component of this
third filament system is titin (connectin), a giant modular protein that functions as a
flexible scaffold (Trinick and Tskhovrebova, 2002). Titin is important for movement
control and the overall elasticity of the muscle. In vertebrate striated myofibrils, titin is
responsible for connecting each thick filament to the neighboring Z lines, determining
resting sarcomere lengths (Linke and Hamdani, 2014), providing specific attachment sites
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for other proteins within the sarcomere (Trinick and Tskhovrebova, 2002), and for
passive tension during stretch (Linke and Hamdani, 2014). Individual vertebrate titin
molecules are ~3 MDa in mass and ~1.2 µM in length, making it the largest known
protein. Titin is also involved in muscle assembly and in signal transduction with other
sarcomeric proteins (Linke and Hamdani, 2014).

1.1.2 The Structure of Vertebrate Titin
In vertebrate skeletal and cardiac myofibrils, Titin extends >1 µm from the Z line
to the M-line. The I-band region of titin extends from the Z-lines to the thick filament
ends (Fig.1). This portion of Titin accounts for its elastic properties, and its length varies
depending on muscle type. The I-band contains three regions: two regions with conserved
tandem Immunoglobin (Ig) segments and one region with variable tandem Ig segments,
which is unique to proteins such as skeletal muscle titin versus cardiac muscle titin. This
unique sequence region also contains two subregions: the N2 region that contains Ig
domains as well as unique sequences and a PEVK region (Trinick and Tskhovrebova,
2002). The PEVK region contains an abundance of proline (P), glutamic acid (E), valine
(V), and lysine (K) residues (Bullard et al., 2003). The protein alpha-actinin binds with
the N-terminal region of titin, allowing its anchorage to the Z-disks, and two N-terminal
domains bind to the protein telethonin, a titin-capping protein (Young et al., 2001). The
C-terminal anisotropic band (A-band) region of titin spans the thick filament from the
ends to the central M-line and specifies thick filament lengths (Ferrera et al., 2005).
Unlike the I-band portion of titin, the A-band portion is conserved due to the regions that
bind to proteins within the thick filament (such as light meromyosin and the myosin-C
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protein) (Linke and Hamdani, 2014). Because the C-terminal portion of Titin contains
super-repeats that correspond to the number of myosin proteins in the thick filament, it is
thought that titin may behave as a ruler of the thick filament (Paola et al., 2017).
Recently, gene editing experiments in mice have given conclusive support for the thick
filament ruler hypothesis (Tonino P et al., 2017). In mouse or cardiac muscle cell models,
deletion of the C-terminal region resulted in disruption of the sarcomeric structure (Linke
and Hamdani, 2014). The C-terminal region of titin also contains a conserved titin kinase
(TK) domain that senses mechanical load. Disruption of this domain has been linked to
muscular disease (Lange et al., 2005). The TK domain belongs to Ca2+/Calmodulindependent myosin light-chain kinase (MLCK) family (Linke and Hamdani, 2014).

Figure 2. Vertebrate Titin in depth.
Diagram of a half-sarcomere from Z-disk to M-line. Black circles indicate Ig and
FnIII domains while black swirly lines indicate the flexible N2 and PEVK
regions. Orange, myosin containing thick filament and myosin heads; green
circles, actin-containing thin filaments.
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Although titin is important for muscle function, its large size makes it difficult to
study through a traditional, reductionist approach. For example, although titin is the third
most abundant protein in muscle, it is hard to isolate it or preserve it for microscopy, so
these diaphanous filaments escaped notice for years (Franzini-Armstrong and Lee, 2012).
The study of titin has also been challenging because extensive alternative splicing
generates multiple isoforms (Flaherty et al., 2005) and because it is composed of many
repetitive domains. Thus, techniques such as antibody staining are particularly difficult to
correctly interpret. The organization of titin within mature vertebrate sarcomeres is well
known, however, titin is also involved in the assembly of nascent myofibrils during
vertebrate muscle development, perhaps by providing a blueprint for the entire halfsarcomere (Linke and Hamdani, 2014). A broader understanding of how the titin filament
system assembles to form organized myofibrils can be gained by comparing titin
organization and function between vertebrates and invertebrates.

1.1.3 Titin’s Function in Invertebrate Muscle
Although titin structure and function within vertebrate myofibrils are wellcharacterized, the study of titin-related invertebrate proteins and the assemblage of the
titin filament system within invertebrate myofibrils is less clear. First, compared to
vertebrate striated muscles, invertebrates have more diverse muscle structures and
generally have thick filaments that are much longer and more varied in length. Second,
invertebrates contain multiple titin homologs such as twitchin (unc-22), Ce-titin (C.
elegans titin), kettin, unc-89, the SLS protein, and projectin (Bullard et al., 2003), which
are all significantly smaller than vertebrate titin. Thus, it is unlikely that any invertebrate
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titin homolog specifies the length of invertebrate thick filaments through a ruler
mechanism. Instead, these invertebrate homologs are thought to most likely contribute to
muscle assembly and provide flexibility within sarcomeres functions in distinct ways
compared to vertebrate titin. For example, whereas alternative splicing of titin generates
variation in elasticity in different vertebrate muscle types, invertebrates express distinct
titin homologs in muscle types with different elasticities (Flaherty et al., 2002).
Ce-titin (Ce-TTN-1) is the invertebrate titin-homolog protein chosen for this
project. Ce-TTN-1 has several isoforms, but the largest is 2.2 MDa and is thought to be
the homolog to full-length vertebrate titin (Bullard et al., 2003). It contains a protein
kinase region that is homologous to the protein kinase domains found in vertebrate titin.
Flaherty and colleagues found that with antibody staining, Ce-titin has an N-terminal
location within the I-band, while the C-terminus is located at the edge of the A-band,
which corresponds to ~2 MDa Crayfish I-connectin containing similar domains as Cetitin (Flaherty et al., 2002). Vertebrate titin spans the thick filament, indicating that titin is
a ruler of the thick filaments. However, Ce-TTN-1 is said to end at the beginning of the
A-band rather than spanning through the A-band (Ferrera et al., 2005), making it unlikely
that Ce-TTN-1 specifies these lengths individually. The A-band portion of Ce-TTN-1is
tightly associated with the thick filament, and specific regions of titin have been shown to
interact with myosin, thick filament accessory proteins, and M-line proteins (Flaherty et
al., 2002).
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1.1.4 C. elegans muscles
Caenorhabditis elegans nematodes are an ideal animal model to study muscle
structure and function. In ~4 days, these small (~1 mm) invertebrates rapidly develop
from a single-celled fertilized egg, through four larval stages, and into adults (Figure 3).
The development is stereotypical, with a consistent pattern of cell divisions and final cells
within the adults. Their entire genome is sequenced and extensively annotated, and a
variety of mutant strains are available.

Figure 3. Stages of Caenorhabditis elegans development.
The stages of C. elegans development from the four larval
stages to adulthood. Dauer stage occurs when conditions are not
optimal such as no food source availability (Corsi et al., 2015)

7

During embryogenesis, C. elegans develop several striated muscle types,
including body wall muscle, pharynx muscle and anal depressor muscle (Figure 4, top).
Adult hermaphrodite muscles include vulval and uterine muscle. The body wall muscle is
the major muscle type of C. elegans: it is obliquely striated, contains 5-7 sarcomeres, and
is responsible for locomotion. Most of the other muscles, including the ADM, VMs, and
UMs consist of a single sarcomere (Corsi et al., 2015). In each muscle type, the basic
sarcomere architecture and components are generally conserved with vertebrate
myofibrils (Figure 4, bottom). For example, the vinculin homolog, DEB-1, is expressed
in all striated muscles and localizes to dense bodies (DBs), which are analogous to
vertebrate Z-lines.

Figure 4. Caenorhabditis elegans sarcomeric proteins. (Top) C. elegans
striated muscles include body wall, pharynx, anal depressor, anal sphincter ,
vulval, and uterine muscles. (Bottom) C. elegans sarcomere organization and
proteins. Pink circles indicate myosin heads.
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For this project, body wall muscle is the primary focus because it is the best
characterized type of muscle and it is composed of multiple sarcomeres (Giesler et al.,
2005-2018). Body wall muscle sarcomeres are composed of dense bodies (analogous to
Z-lines), a short I-band, a long thick filament within the A-band region, and an M-line
located in the middle of the sarcomere. Compared to vertebrate titin, the titin isoform in
C. elegans (Ce-TTN-1) is shorter in length, extending only from the DBs to the thick
filament ends whereas vertebrate titin extends throughout the thick filaments into the Mline (Ferrera et al.,2005). The domain organization of Ce-TTN-1 is also similar to the Iband portion of vertebrate titin; there are tandem Ig domains and several long regions
composed of short tandem repeats that more than likely function as elastic elements
(Ferrera et al., 2005).
We know that Ce-TTN-1 is shorter than vertebrate titin. We do not know the
distance of the N terminus (I-band region) for Ce-TTN-1, nor do we know its
conformation (which area of Ce-TTN-1 is most flexible or inflexible?). Does Nterm-CeTTN-1overlap with the DBs or is it near the DBs? Ce-TTN-1does not span through the
thick filament like vertebrate titin, it instead ends at the beginning of the thick filament
but does Ce-TTN-1 have loosely-bonded regions closer to the DBs and tightly-bonded
regions further away from the DBs? This would suggest that Ce-TTN-1is more
structurally similar to vertebrate titin since it is loosely-bonded in the I-band region
where the PEVK region is located and bonded more tightly near the thick filament.
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In previous studies, scientists used staining techniques and electron microscopy
to view biological structures of interest. The disadvantage to that approach is that to view
progression or changes in these structures, samples are required from multiple organisms
at different times, which can lead to inaccuracy. The approach used in the project
presented here has the advantage of observing the structure of interest (Ce-TTN-1) while
it is undergoing muscle contractions in live, intact worms with the use of spinning disk
confocal microscopy. Within the body wall muscles of the worms, Ce-TTN-1 would be
fluorescently tagged endogenously with the use of a fluorescent reporter and these
encoded strains would then be imaged using spinning disk confocal microscopy. This
project will potentially introduce a more accurate method of detecting changes in
biological structures as they are actively occurring; instead of using multiple organisms at
different time periods to observe whether changes may have occurred. Not only is this
method more accurate because Ce-TTN-1 was endogenously tagged, but it could also be
less costly and would not require as much time. This project will also assist in
understanding titin from an evolutionary point of view. Studying Ce-TTN-1will assist in
gaining knowledge about the basal elastic proteins that contributed to generating
vertebrate titin.

To investigate the mechanical role of Ce-TTN-1 in sarcomere structure and
function, The following objectives were pursued:
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● Identifying a gene-editing protocol for insertion of a fluorescent protein into CeTTN-1 sequence

Figure 5. Hypothetical schematic of Ce-TTN-1 conformation in
the body wall muscle. Nterm-wrmSclt-TTN-1 and Mid-wrmScltTTN-1. Red squares indicate wrmSclt fluorescent protein, while
green squares indicate colocalization with DEB-1-GFP.

● Colocalizing Ce-TTN-1with a fiduciary marker for identification of the location
of Ce-TTN-1
● Determine the native conformation of Ce-TTN-1 within sarcomeres using
Spinning Disk Confocal fluorescence microscopy to measure the locations of
fluorescently tagged Ce-TTN-1 relative to the dense bodies in C. elegans larvae
and adults.

The main hypotheses for my project’s objectives are:
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Hypothesis I: Ce-TTN-1’s N terminus will colocalize with the DBs, suggesting that
Nterm-Ce-TTN-1is located at the DBs and distances will be further apart, indicating
flexibility
Hypothesis II: The middle of Ce-TTN-1 will not be located near the N-terminus of CeTTN-1, closer in distance to the DBs and the distances will be longer than those of
the N-terminus
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1.2 Methods
1.2.1 Nematode Maintenance
Maintenance of C. elegans is essential for performing experiments and answering
questions pertaining to this project. C. elegans are commonly found on rotting vegetable
matter, however in a laboratory setting worms are grown on nematode growth medium
(NGM) agarose in Petri dishes with a lawn of E. coli bacteria (strain OP50) as a food
source (Corsi et al., 2015). Wildtype (N2, Bristol isolate) C. elegans and OP50 bacteria
were obtained from the Caenorhabditis Genetic Center (CGC, Minneapolis, MN). The
OP50 bacteria were grown overnight in LB media at 37°C and the worm strains were
maintained as hermaphrodites in an incubator at 16°C. Worm strains were ‘fed’ by
transferring 3-5 worms at L4 stage to fresh medium plates using a sterile, platinum worm
pick. Male plates were maintained by transferring 8-10 males and 3-5 L4 hermaphrodites.
Maintenance of all strains was done on a weekly basis to prevent starvation (Sternagle,
2006). For experiments with young adults, L4 larvae were transferred to new plates and
allowed to develop at 25°C overnight.

1.2.2 Strain Matings
Using co-expression markers such as rol-6, dpy-10, and fluorescent reporters
within each strain assisted in answering questions for this project because it allowed for
visualization of the location of Ce-TTN-1. To genetically cross the fluorescent worm
strain of choice so that co-expression could occur, a fluorescent strain was allowed to
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mate with N2 males, followed by picking fluorescent F1 male progeny onto a new NGM
agar plate with 3 hermaphrodites and allowing for mating to occur. Next, hermaphroditic
F1 generation of progeny were picked and placed onto a fresh plate to allow for selffertilization. Six F2 progeny worms were then picked and placed on six individual plates.
After three days, self-fertilization took place and plates were observed for homozygous
progeny. To determine homozygosity within a strain, worms were visualized using
fluorescent microscopy approaches and were deemed homozygous if all worms within
one generation exhibited fluorescence. Finally, the progeny was moved to new plates for
feeding and maintenance.
1.2.3 Worm injections
Each worm strain was injected with a mixture that include the Cas-9 enzyme, the
guide RNAs, rol-6 or dpy-10 DNA (co-expressors whose phenotype assists in screening),
and the DNA of the gene chosen. Approximately 2-3 worms are placed onto injection
pads (containing a 2% agarose gel solution on a glass coverslip) using a platinum worm
pick containing a drop of halocarbon oil to ensure the worms adhered to the pad. To
inject a worm, an Inverted DIC microscope was used containing a pressurized injection
system and needle holder, with a mixture containing the nested CRISPR DNA constructs
made beforehand in the Littlefield lab (Figure 6). Once the injection was complete, each
worm was then covered with 40 µl of M9 buffer to prevent dehydration. Once recovered,
the worms were then put onto NGM agar plates to continue their normal growth cycle.
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1.2.4 CRISPR Cas-9 Gene Editing
To determine the conformation and location of Ce-TTN-1 using fluorescence
microscopy, a method that would allow for accurate visualization of Ce-TTN-1 was
imperative for this project. Several transgenic worm strains containing fused fluorescent
reporters attached to protein-coding genes within C. elegans sarcomeres were generated
in the Littlefield lab using the gene-editing method CRISPR-Cas9. CRISPR-Cas9 utilizes
two essential components: a guide RNA to match a desired target gene, and Cas9
(CRISPR-associated protein 9). The Cas9 is an endonuclease that causes a doublestranded DNA break (DSB), allowing modifications to the genome (Redmann et al.,
2016). CRISPR allowed for specific insertion of fluorescent protein tags at endogenous
sites. CRISPR-Cas9 not only seemed to be an efficient method for genetically modifying
Ce-ttn-1, but in comparison to other gene editing methods such as zinc-finger nucleases
and transcription activator–like effector nucleases (TALENs) (used to produce doublestrand breaks within DNA sequences) it was more cost efficient (Dickinson et al., 2013).
In this case, CRISPR was used to endogenously insert a fluorescent protein into the CeTTN-1 protein coding sequence at exon 1 (targeting the N-terminus), exon 25 (targeting
the middle region) and exon 64 (targeting the C-terminus). The fluorescent reporter
chosen for fusion to Ce-TTN-1 was a bright-red fluorescent protein called mCherry that
was codon-optimized for expression in C. elegans.
My initial approach for generating gene-edited TTN-1 was similar to Dickinson et
al. (2013), which utilized a homology-directed repair process to incorporate transgenic
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sequences after the CRISPR-Cas9 DSB. For this approach, I constructed both homology
arm (HA) and repair plasmids for each of the three chosen ttn-1 edit sites. The HA
plasmids were made by amplifying ttn-1 sequences near the target sites by high-fidelity
polymerase chain reaction (PCR) and inserting them into a bacterial plasmid backbone
(pMiniT 2.0) using the New England BioLabs (NEB) PCR Cloning Kit. To generate the
repair plasmids, the mCherry sequence was inserted into the HA plasmids (near the
CRISPR-Cas9 target site) by isothermal assembly (Casini et al., 2015) using the
NEBuilder HiFi DNA Assembly kit (NEB). The purified repair plasmid concentrations
were 191 ng/uL (Nterm-TTN-1),169 ng/uL (Mid-TTN-1), and 156 ng/uL (Cterm-TTN-1).
The following primers were used for PCR amplification: mCh_x_ttn1c-1F,
mCh_x_ttn1c-1R, mCh_x_ttn1e25-1F, mCh_x_ttn1e25-1R, mCh_x_ttn1n-1F,
mCh_x_ttn1n-1R. Wildtype (N2) worms were injected with the co-expressing phenotypic
rol-6(gof) single-stranded oligodeoxynucleotide, which allows initial screening with a
dissecting microscope for a dominant Roller phenotype resulting from conversion of the
wildtype rol-6 allele. Worms expressing the Roller phenotype are more likely to also
carry the fluorescent reporter gene which means they are likely to carry the overall gene
of choice (in this case TTN-1). Injection of Nterm-TTN-1 and Cterm-TTN-1 worms
yielded 17 parental worms each, while injection of CeTTN-1m yielded 13 parental
worms. The F1 progeny for Nterm-TTN-1 resulted in 43 roller phenotypic worms, 90
Mid-TTN-1 worms, and 103 Cterm-TTN-1 worms, all of which showed no obvious
observable fluorescence under low or high magnification. It was concluded the methods
utilized did not produce high enough concentrations of my inserts for successful
microinjection of the worms, so an alternate approach was taken.
16

1.2.5 Nested CRISPR gene editing
After an unsuccessful set of CRISPR-Cas9 microinjections, another method called
Nested CRISPR (Vicencio et. al., 2019) was chosen to endogenously target and tag CeTTN-1 with wrmScarlet (wrmSclt), a bright red fluorescent protein that has been codonoptimized for expression in C. elegans (Figure 6). The Nested CRISPR approach was
more advantageous for my project because it did not require cloning steps to insert
wrmSclt into Ce-TTN-1 (Vicencio et al., 2019). The nested CRISPR approach divided
wrmScrlt into three regions and used two separate steps for injection. During the first
step, single-stranded DNA (ssDNA) donors were used to insert the 5' region (wrmSclt-1)
and 3' region (wrmSclt-3) at exon 1 for Nterm-TTN-1, exon 25 for Mid-TTN-1 and exon
64 for Cterm-TTN-1. In the second step, these sequences acted as homology regions for
homology-directed repair using a double-stranded DNA (dsDNA) donor (PCR product)
containing the entire coding sequence of wrmSclt (wrmSclt1-2-3), which would then
complete the FP insertion sequence producing Nterm-wrmSclt-TTN-1, Mid-wrmScltTTN-1, and Cterm-wrmSclt-TTN-1 transgenes (Figure 6).
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Figure 6 Nested CRISPR-generated constructs of wrmScarlet-TTN-1.
In step one, parts 1 and 3 of the red fluorescent protein wrmScarlet were
added to exon 1 (Nterm-TTN-1), exon 25 for (Mid-TTN-1) and exon 64
(Cterm-TTN-1). In step 2, the last fragment of wrmSclt is added to exons
1 and 25.

1.2.6 sgRNA and SSODN design
Single guide RNAs (20 bp sequences) were chosen as well as potential CRISPR-Cas9
sites to establish where the double-stranded cut would occur. The ssODNs inserted the 5’
and 3’ ends of the red fluorescent protein wrmScarlet (wSclt) at the N-terminal (Exon 1),
and the Middle (Exon 25) of Ce-TTN1 near the C-terminal end of the gene along with coexpressing genes dpy-10/rol-6 (Vicencio et al.,2019). Homology arm sequences were

18

each 35 to 45 bp in length. The left homology arm sequence was placed upstream of the
N-terminal region within the 5’ UTR, while the right HA sequence was placed upstream
of the stop codon within the 3’ UTR for the C-terminal region. The repair template was
made using the New England Biolabs Q5 High Fidelity PCR kit.

1.2.7 Preparation of Injection Mixtures
For step 1, the injection mixture consisted of sgRNAs for Ce-TTN-1n, mid and c,
the Cas9 enzyme, and co-expressing markers Rol-6 sgRNAs were incubated at 37°C for
10 min. The final Cas9 concentration was 20 µM. The Rol-6 repair templates as well as
the Ce-TTN1n, m, and c SSODNs were added to the mixture along with nuclease-free
water. The entire mixture was centrifuged for 2 min at 13,000 RPM. For step 2, the
injection mix included the wrmSclt1-2-3 PCR product, the Rol-6 sgRNA, the Cas9
enzyme, and nuclease-free H2O.
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Figure 7. Nested CRISPR screening procedure. In step one, parts 1 and 3
of the red fluorescent protein wormScarlet were injected into worms
containing Ce-TTN-1 protein coding gene at the N terminus, middle intra
region and the C terminus). In step 2, the last fragment of wrmScarlet was
injected into worms from Nterm-TTN-1and Mid-TTN-1 worms from step 1
giving rise to Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1 strains. This
illustration was formed using BioRender.

1.2.8 Screening
For step 1: Once each worm strain was injected, worms were screened for F1 roller and
dumpy phenotypes (Figure 7 and table 1). Worm digests were performed for genotyping
the insertion of wrmSclt into Ce-TTN-1 N terminus, Ce-TTN-1 middle, and Ce-TTN-1 C
terminal worm strains. For each digest, F1 roller phenotypic (ROL-6) mothers (that laid
F2 progeny) were individually picked into 3 µl of worm lysis solution, which consisted of
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worm lysis buffer (WLB) + proteinase K [100 µl WLB x 1 µl proteinase K (500 U/mL)]
in PCR tubes. The PCR tubes were then frozen at -80°C for approximately 5 min to assist
in breaking down the worm’s outer cuticle layer. The worms were then lysed using a
thermocycler at 60°C for 60 min, followed by 95°C for 15 min. These 3 µl of lysed worm
digests were then combined with 17 µl Low-fidelity PCR OneTaq Quick-Load 2X master
mixes (containing standard buffer) by New England BioLabs. TTN-1n forward/reverse
primers (10µM), TTN-1m F/R primers (10µM), TTN-1c F/R primers (Appendix), and
nuclease-free water) for all three TTN-1 encoded strains. The annealing temperatures
were 50°C and the elongation times were 30 s (more information can be found in the
appendix sections).
The PCR products for each strain were cleaned and concentrated using the Zippy
Clean and Concentrate kit (Zymo Research) and quantified using a Nanodrop
spectrophotometer (Thermo Scientific) or with a Qubit fluorometer (dsDNAbr,
Invitrogen). Sanger sequencing was performed by Eurofins Genomics (Louisville, KY) to
verify the correct insertions of transgene sequences.
The Low-fidelity PCRs were followed by 1% gel electrophoresis in TAE Buffer.
Gels were then analyzed for insertion events and if the products were the correct size,
then F2 wildtype phenotypic worms were transferred onto separate NGM plates per strain
(TTN-1 Nterm, Mid, and Cterm) to reproduce homozygous animals. Once homozygous
worms were found, another round of PCR and electrophoretic analysis was performed to
ensure that the Nested CRISPR insertion occurred and to confirm homozygosity.
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Table 1. Amount of roller worms generated during step 1 of Nested
CRISPR.

Figure 8. Gel electrophoresis of nested CRISPR-constructed Strains. New England
BioLabs 1 kb plus ladder (lane 4) (found in appendix), with 3 major marked sizes at
500bp, 1000bp, and 3000bp. RSL76 samples (Step 2) in lanes 1-3, RSL81 samples in
lanes 7-8, 10-11 (Step 2). RSL67 and 68 in lanes 5-6, and 12-14 (Step 1).
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For Step 2: Similarly to step 1, worms were screened for F1 roller and dumpy
phenotypes. Worm digests were performed for genotyping the insertion of the full-length
wrmScarlet into both Ce-TTN-1 N terminus and Ce-TTN-1 middle worm strains. A OneTaq Low Fidelity PCR was performed to verify that the second insertion event occurred,
but fluorescent compound microscopy was also included to visually screen for the bright
red fluorescence. Step 2 was performed for Nterm-wrmSclt-TTN-1, Mid-wrmSclt-TTN1, and Cterm-wrmSclt-TTN-1. However, none of the potential Cterm-wrmSclt-TTN-1
strain showed any evidence that the insert was present. For the remainder of the project, I
focused only on strains that expressed Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1
(Appendix A).
To confirm that the full-length wrmSclt sequence was correctly inserted as
designed, I chose RSL76 and RSL81 strains to verify their genomic sequence by Sanger
sequencing. The total length and size of the inserts for Nterm-wrmSclt-TTN-1 and MidwrmSclt-TTN-1 were ~400bp for step 1and ~1,127bp for step 2 (Figure 8). Sequences
were confirmed to contain the correct insert by representation of broad, non-overlapping
peaks, which indicate that primers anneal to the correct template meaning that the insert
is present (Figure 9). In comparison, Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1
appeared to show overlapping, narrowed peaks suggesting that these insertions may not
have been the best choice for worm injections.
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1.2.9 Spinning Disk
Confocal and Compound
Microscopy
ttn-1
linker
wrmScarlet
A 2% agarose gel solution was made for each microscope slide. A drop of 2%
(0.2g/10 mL) agarose solution was placed on a glass microscope slide to form a pad. The
worms for each strain were individually picked using a sterilized aluminum worm pick. A
10 µL aliquot of M9 buffer was pipetted onto the slide containing a drop of agarose gel
followed 5 µL of Muscimol (Thermo Fisher) onto the pad. Muscimol allows relaxation of
the muscles and prevents the worms from moving during imaging. Worms were then
placed into the muscimol and M9 droplet followed by carefully placement of a cover slip
Figure 9. Sanger sequencing analysis for confirmation of Mid-wrmSclt-TTN-1 nested
CRISPR.
and reverse
primers
(TTN-1_Seq_MF,
andatTTN-1_Seq_MR).
The
onto topusing
of theforward
microscope
pad. Using
fluorescence
microscopy
the low power
same was done for Nterm-wrmSclt-TTN-1 using F/R primers TTN-1_Seq_NF, and TTN1_Seq_NR.
afforded by a dissecting microscope, wrmSclt appeared to be very dim, making

1.2.9 Spinning Disk Confocal and Compound Microscopy
A 2% agarose gel solution was made for each microscope slide. A drop of 2%
(0.2g/10 mL) agarose solution was placed on a glass microscope slide to form a pad. The
worms for each strain were individually picked using a sterilized aluminum worm pick. A
10 µL aliquot of M9 buffer was pipetted onto the slide containing a drop of agarose gel
followed 5 µL of Muscimol (Thermo Fisher) onto the pad. Muscimol allows relaxation of
the muscles and prevents the worms from moving during imaging. Worms were then
placed into the muscimol and M9 droplet followed by carefully placement of a cover slip
onto top of the microscope pad. Determining homozygosity by using the fluorescent
dissecting microscope was extremely difficult (Figure 11). This was the primary reason
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for genotyping each strain by PCR and DNA sequencing. This could suggest that the
stoichiometry of wrmSclt tagged to a bigger protein such as Ce-TTN-1 was too low in
this case for visualization underneath lower magnification microscopes. For both NtermwrmSclt-TTN-1 and Mid-wrmSclt-TTN-1, red fluorescence could only be seen using a
compound or spinning disk confocal microscope.
1.2.10 ImageJ (image processing)
ImageJ (Schneider et al., 2012) is an open-source Java-based imaging program
and was used to process all images taken from the spinning disk confocal microscope.

1.3 Results/Conclusion
In both, Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1 strains, Ce-TTN-1
appeared to show narrow, continuous, and non-punctate striations (Figure 10). I expected
that expression of Nterm-wrmSclt-TTN-1 would be more punctate since DB markers
typically appear punctate (figure 11) due to knowing that vertebrate titin’s N-terminal
location is at the Z-disks. I also expected that expression of Mid-wrmSclt-TTN-1 would
show more continuous striations rather than punctate because, compared to the Nterminus, the region of Ce-TTN-1 encoded by exon 25 is closer in sequence to the CeTTN-1 C-terminus, which has been reported to be located in the A-band (figure 5).
However, previous data indicates that N-term-TTN-1 does localize to the DBs. In the
(Flaherty et al., 2002) literature, they found that when the first 96 amino acid residues of
Ce-titin were fused to GFP (the first 96 residues encode the I-band region of Ce-titin) and
compared to images of antibody-stained vinculin worms, Ce-titin appeared to overlap
with vinculin proteins in the body wall muscles of the worms (figure 11). Each Ce-titin25

GFP protein appeared more similar to dashes Flaherty’s experiment, whereas my
wrmSclt-TTN-1 proteins appeared more linear with evidence of some puncta.
I was able to fulfill my first objective by using the nested CRISPR gene editing method to
endogenously tag Nterm-TTN-1 and Mid-TTN-1 with wrmSclt, generating both NtermwrmSclt-TTN-1 and Mid-wrmSclt-TTN-1 strains. Both Nterm-wrmSclt-TTN-1 and MidwrmSclt-TTN-1 proteins are functional, and both strains appeared to behave normally
regarding locomotion, egg-laying, and growth. This indicated that muscle assembly and
function were normal for both Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1 proteins,
assembling into functional myofibrils.
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Figure 10. Spinning Disk Confocal images of Nterm-wrmSclt-TTN-1 and MidwrmSclt-TTN-1. The top left and right images show Nterm-wrmSclt-TTN-1 while
the bottm loft image shows Mid-wrmSclt-TTN-1.
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Figure 11. Comparison of Ce-titin-GFP and antibody stained vinculin
proteins localization in body wall muscle (a) Ce-titin-GFP tagged within
the body wall muscle, (b) Ce-titin-GFP tagged within the enteric muscles,
Ce-titin-GFP tagged within the vulval muscle, (d) higher magnification of
Ce-titin-GFP tagged within the body wall muscle, (e-g) show higher
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CHAPTER II
THE CONFORMATION OF TTN-1 IN C. ELEGANS BODY WALL MUSCLE

2.1 Introduction
The next objective for my thesis project was to determine the native conformation
of Ce-TTN-1 within sarcomeres using fluorescence microscopy approaches, therefore
allowing me to measure the locations of fluorescently tagged Ce-TTN-1 relative to the
dense bodies in C. elegans larvae and adults. This meant that to visualize localization of
fluorescently tagged Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1, there needed to
be comparisons using another fluorescently tagged sarcomeric marker at DB or thick
filaments.
Deb-1 is the C. elegans homolog of mammalian vinculin. Vinculin is comprised
of a globular head, proline-rich neck-like region, and a tail domain that contains binding
sites for cytoplasmic proteins (Barstead et al., 1989). Located at the body wall muscle
DBs, DEB-1 attaches the actin filaments to the basal sarcolemma in muscles (Barstead et
al., 1989). In addition to the body wall muscle expression, deb-1 is also expressed within
PM. Recently, as part of a separate project, a gene-edited strain (RSL83) that expresses
DEB-1-GFP was generated. Here, I used this strain to co-localize Nterm-wrmSclt-TTN-1
and Mid-wrmSclt-TTN-1 fluorescence to specific sites within body wall muscle
sarcomeres. I used confocal microscopy and image processing to analyze the sarcomeric
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colocalization to determine whether the N-terminal region of TTN-1 is arranged in an
extended conformation. I crossed my strains encoding Nterm-wrmSclt-TTN-1 and MidwrmSclt-TTN-1 with strains that are GFP-tagged at the DBs or think filaments to
determine whether the either wrmSclt tag co-localized with GFP or not. This would also
determine whether Mid-wrmSclt-TTN-1 is located near the N-terminus of Ce-TTN-1.

2.2 Methods
The fiduciary marker strain initially chosen was RSL74 (see Appendix A)
because it expressed GFP-tagged myosin heavy chain B (GFP-MyoB) and GFP-tagged βintegrin (Pat-2-GFP), which assembled into thin filaments and DBs, respectively. I
attempted to produce males for mating by heat shocking RSL74 L4 hermaphrodites;
however, this was unsuccessful, possibly because the GFP-MyoB allele is only partially
functional and produced reduced numbers of progeny (unpublished data). However, I was
successful using a similar approach with another fiduciary marker strain that expresses
DEB-1-GFP (RSL83) (Figure 12).
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Figure 12. Mating Scheme for co-expression of DEB-1-GFP with Nterm-wrmScltTTN-1 or Mid-wrmSclt-TTN-1. DEB-1-GFP was crossed with N2 hermaphrodites,
which were then crossed with homozygous Nterm-wrmSclt-TTN-1 and Mid-wrmScltTTN-1 strains.

2.2.1 Just Another Colocalization Plugin (JACOP)
The strains vinculin crossed with Nterm-wrmSclt-TTN-1 or Mid-wrmSclt-TTN1were imaged using the Andor spinning disk confocal microscope (Figure 13). Images of
wrmSclt-TTN-1 and DEB-1-GFP were processed using ImageJ. The Just Another
Colocalization plugin (JACoP) measures colocalization between pixels between RGB
color channels on the program imageJ (Bolte and Cordelières, 2006), and was installed to
perform statistical analyzations on Ce-TTN-1 microscopy images for the detection of
colocalization between proteins titin and vinculin (encoded by deb-1).
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2.2.2 Google CoLaboratory (image analysis)
Google CoLab (Valejo et al., 2022) is software that implements python coding,
using any cloud computer. The program is browser-based using Google chrome and does
not require downloading software to begin coding. Nearest distances calculations were
performed for measuring distances between fluorescently tagged Ce-TTN-1 proteins and
for calculating the distances of each Ce-TTN-1 protein (Figure 14). The codes for
calculating the distances are included in Appendix B.

32

Figure 13. Spinning Disk Confocal images of vinculin and wrmSclt-TTN-1
within C. elegans muscles. Confocal images of (A) DEB-1-GFP young adults
heads. Pharynx and body wall muscle muscle are visible in the thin cross-section.
(B) DEB-1-GFP expression in body wall muscle of L4 worms. (C) Nterm-wrmScltTTN-1 (red) and DEB-1-GFP (green) expression in body wall muscle of L4 worms.
(D) Mid-wrmSclt-TTN-1 (red) and DEB-1-GFP (green) in body wall muscle of L4
worms. Magnified insets in C and D (2x) show co-localization of wrmSclt and GFP
fluorescence. (E) Nterm-wrmSclt-TTN-1 (red) and DEB-1-GFP expression in
vulval muscle L4 worm.
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2.3 Results/Conclusion

Because attempts to produce hermaphrodites from the RSL74 strain were
unsuccessful and generating RSL74 males through mating with N2 (wild type) males
would have taken too long, it was necessary to seek another strain that contained a
sarcomeric marker for dense bodies. Fortunately, another fiduciary marker called vinculin
(encoded by deb-1) was available that had been made previously in the Littlefield lab
(RSL83).
RSL83 was crossed with N2 (wild type) male worms to generate DEB-1-GFP
males. These were crossed with Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1to
reveal the positions of Ce-TTN-1 (Figure 12-13). Deb-1 is located on chromosome four,
which made the process of crossing it with Ce-TTN-1 easier since it is located on
chromosome five increasing the chances of homologous recombination taking place. The
DEB-1-GFP strain (RSL83) proved to be a much easier fiduciary marker strain to mate
with N2 males for a resulting DEB-1-GFP male strain to cross with wrmSclt-TTN-1
strains since there was no evidence of homozygosity leading to paralysis or lethal
phenotypes in comparison to RSL74. The crossings between Nterm-wrmSclt-TTN-1 and
DEB-1-GFP led to the new strain RSL90 and Mid-wrmSclt-TTN-1 and DEB-1-GFP led
to my second fiduciary marker RSL91.
I expected that Nterm-wrmScarlet-Ce-TTN-1 would be positioned at the DBs
since vertebrate titin is attached to Z-lines similar to what (Flaherty et al.,2002) saw in
figure 11. I expected that Mid-wrmSclt-TTN-1 would be located closer to the C-terminus
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(Figure 5) since it tagged at exon 25, which is closer to the C-terminus (exon 64) of TTN1 than exon 1 (Miller et al., 1983). While DEB-1-GFP appears to be more punctate and
dot-like (clearly marked at the dense bodies) similar to the Flaherty et al antibody-stained
vinculin, the Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1 fluorescence appear to be
linear and continuous striations (Figure 13). Instead of wrmSclt-TTN-1 overlapping with
DEB-1-GFP such as pictured in the Flaherty et al. literature (figure 11), my wrmScltTTN-1 encoded worms appear to be in between the DEB-1-GFP proteins. Indicating that
my Ce-TTN-1 strains did not localize to the dense bodies as suspected. Crossing NtermwrmSclt-TTN-1 and Mid-wrmSclt-TTN-1 with DEB-1-GFP did not appear to have any
phenotypic effects due to being crossed with strains containing another fluorescent
marker. Locomotion and reproduction appeared to have remained the same with
heterozygotes as well as homozygotes.
Due to the timing of when I received my data collected images, it was imperative
to find a data analysis program which would allow me to calculate the distances and
locations of both wrmSclt-TTN-1 strains quickly and easily, Google Colaboratory
allowed me to do this. Google Colab is a cloud computing software where computer
codes implemented from the python library can be used easily (Valejo et al., 2022). The
nearest distances were calculated between each Ce-TTN-1 protein and locations of each
TTN-1 protein were measured. In Figure 14, Histogram A suggested that NtermwrmSclt-TTN-1 appeared to show a higher probability of < 2 µm distances between
TTN-1 proteins, while histogram B shows a higher probability of distances between 1-2
µm for each Mid-wrmSclt-TTN-1 protein indicating that the differences of distances

35

between Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1 proteins are indistinguishable.
In histograms C and D, the locations of Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1
proteins both indicate higher probabilities of their distances being ~50-100 µm which
could mean that the locations of both Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1
proteins do not differ as originally hypothesized. I hypothesized that Nterm-wrmScltTTN-1 and Mid-wrmSclt-TTN-1 proteins would be different structurally because we
know that vertebrate titin has a flexible region near the N-terminus and a conserved
structure near the C-terminus (Bullard et al., 2003). The Mid wrmSclt-TTN-1 proteins
were endogenously tagged near the C-terminus, so I expected the distances to be much
smaller than distances of Nterm-wrmSclt-TTN-1 or to see a difference between the
distances of Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1.
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Figure 14. Distances analysis of Nterm-wrmSclt-TTN-1 and Mid-wrmScltTTN-1.
This nearest neighbor distance and distance analyses of each protein were
performed. (A.) Nearest neighbor distance histogram of Nterm-wrmSclt-TTN-1
(B.) Nearest neighbor distance histogram of Mid-wrmSclt-TTN-1 (C.)
Histogram of location measurements for Nterm-wrmSclt-TTN-1 (D.) Histogram
of location measurements for Mid-wrmSclt-TTN-1.
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Using the colocalization plug-in through ImageJ software called Just Another
Colocalization Plugin (JACOP), I generated statistical data based on confocal images of
Nterm-wrmSclt-TTN-1 and Mid-wrmSclt-TTN-1. The statistical tests generated were
Pearson’s coefficient which showed an R value of 0.767 for a correlation between
proteins deb-1 and Nterm-wrmSclt-TTN-1 as well as an R value of 0.783 for MidwrmSclt-TTN-1; M1 & M2 coefficients giving values of 0.906 and 1.0 for NtermwrmSclt-TTN-1, 0.998 and 0.991for Mid-wrmSclt-TTN-1; Overlap coefficient r values
of 0.869 and 0.911 (Figure 15). JACOP also showed Li’s Intensity Correlation Analysis
(ICA) graphs which can be seen in (figure 15) (Bolte et al., 2006). According to Bolte,
when colocalization is present the product (Ai-a)(Bi-b) (values representing differences
between pixel intensities from the mean intensity of a single channel) are positive and
therefore the dot cloud is mostly concentrated on the right sides of the ICA plots. These
tests demonstrate possible co-localization because the values for both Nterm-wrmScltTTN-1 x DEB-1-GFP and Mid-wrmSclt-TTN-1 x DEB-1-GFP both appear to be positive
values towards the right sides of the x-axes. However, the graphs also show different
observable patterns between Nterm-wrmSclt-TTN-1 x DEB-1-GFP and Mid-wrmScltTTN-1 x DEB-1-GFP, which to me shows that there’s no evidence of localization
between Nterm-wrmSclt-TTN-1 and the dense bodies which I originally hypothesized
that there would be (figure 5), indicating that Ce-TTN-1 may be unstretched or not in an
extended conformation. Regarding Mid-wrmSclt-TTN-1, I hypothesized that
colocalization to the dense bodies should not have taken place based on the middle region
of TTN-1 being tagged closer to the C terminus and Mid-wrmSclt-TTN-1 also appeared
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to not localize to the dense bodies. This evidence combined with the spinning disk
confocal images of Nterm-wrmSclt-TTN-1 x DEB-1-GFP and Mid-wrmSclt-TTN-1 x
DEB-1-GFP showing Ce-TTN-1 proteins were between dense body encoded proteins, led
me to conclude that there was no evidence showing localization of wrmSclt-Ce-TTN-1
proteins to the dense bodies, indicating that Ce-TTN-1 may be unstretched or not in an
extended conformation

GFP

Mid

Nterm

wrmSclt

Figure 15. ICA Statistical analysis for Nterm-wrmSclt-TTN-1 and MidwrmSclt-TTN-1 red and green channels.
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2.4 Future work

From the statistical analyses performed, it appears that Nterm-Ce-TTN-1 has a higher
probability of having slightly broader distances between proteins than proteins tagged at
wormScarlet::Mid-Ce-TTN-1. Indicating, that my hypothesis of Nterm-Ce-TTN-1
proteins being more flexible and less compacted may have been met. However, to
understand the distances or the overall size of the entire Ce-TTN-1 protein, the distances
of Nterm-Ce-TTN-1 and Mid-Ce-TTN-1 must be compared with distances of Cterm-CeTTN-1. This would require the completion of the second insertion step of Nested
CRISPR gene editing for the full wormScarlet::Cterm-Ce-TTN-1 protein. Once this step
is completed, spinning disk confocal images of wormScarlet::Cterm-Ce-TTN-1 would be
taken and statistical analyses would be performed.
To determine if Ce-TTN-1 is imperative for cell signaling between sarcomeric
proteins, severing of wormScarlet::Cterm-Ce-TTN-1 can be generated with the use of
Nested CRISPR gene editing. Worms can be assessed for any phenotypic abnormalities
using fluorescence microscopy approaches.
To determine conformational changes of Ce-TTN-1 during muscle contraction
and relaxation, Nterm-Ce-TTN-1::wormScarlet and wormScarlet::Mid-Ce-TTN-1 strains
generated in this work as well as the future-generated wormScarlet::Cterm-Ce-TTN-1
strain can be crossed with optogenetic strains. The introduction of optogenetic tools will
allow the muscles of the worms to either contract or relax in a controlled manner by
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exposing them to blue or yellow light. Worm contractions will be viewed under the
spinning disk confocal microscope and images will be taken.
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APPENDICES

Appendix A: Transgenic Worm Strain List
Table 1: Transgenic Worm Strain list
The Littlefield lab used CRISPR Cas-9 as well as Nested CRISPR to generate
fluorescently tagged worms.
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Appendix B: Google Colaboratory Codes
Google Colaboratory (Google COLAB) codes used to calculate nearest distances
and locations of Ce-TTN-1.
# input parameters
sizeFactor = 3
maxSeparation = 100
ppbin = 20
tabs = 0.001
trel = 0.001
pixSz = 0.21667
pixHt = 0.212
# read image stack
im = io.imread('062520_RSL77_e1_image220200625_141417.tif')
print(im.shape)
imE = im.copy()
for i in range(im.shape[0]):
# enhancement
imE[i,:,:] = smoothEnhance0(im[i,:,:],7,60,800) # enhanced image
io.imsave('062520_RSL77_e1_image220200625_141417_processed.tif',imE);
# detect local maxima
im0 = img_as_float(imE)
image_max = None
#image_max = maximum_filter(im0, size=0, mode='constant')
coordinates = peak_local_max(im0,
min_distance=2,threshold_abs=tabs,threshold_rel=trel)
print(im0.shape,coordinates.shape)
# show the centers of detected particles
iframe = 15
# display results
fig, axes = pyplot.subplots(1, 2, figsize=(15, 15), sharex=True, sharey=True)
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ax = axes.ravel()
ax[0].imshow(im0[iframe,:,:], cmap=pyplot.cm.gray)
ax[0].axis('off')
ax[0].set_title('Original’)
ax[1].imshow(im0[iframe,:,:], cmap=pyplot.cm.gray)
ax[1].autoscale(False)
for i in range(coordinates.shape[0]):
if coordinates[i,0]==iframe:
#ax[1].plot(coordinates[i, 2], coordinates[i, 1], 'r.')
ax[1].plot(coordinates[:, 2], coordinates[:, 1], 'r.')
ax[1].axis('off')
ax[1].set_title('Peak local max')
fig.tight_layout()
pyplot.show()
# convert the coordinates into actual numbers
coordinates[:,0] = coordinates[:,0]*pixHt
coordinates[:,1] = coordinates[:,1]*pixSz
coordinates[:,2] = coordinates[:,2]*pixSz
# compute the distance between each center with every other center
and plot the distribution of those distances
dist = DistanceMetric.get_metric('euclidean')
distmat = dist.pairwise(coordinates)
coordinates = None
nearstDist = distmat[:,1]
jmat = (distmat==0)*numpy.max(distmat)
greaterThanZero = distmat+jmat
jmat = None
for i in range(nearstDist.shape[0]):
nearstDist[i] = numpy.min(greaterThanZero[i,:])
greaterThanZero = None
distances = distmat[numpy.triu(distmat)>0]
distmat = None
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# plot the histogram of the data
fig = pyplot.figure(figsize=(10,10))
#n, bins, patches = pyplot.hist(distances, round(numpy.max(distances)/ppbin),
density=True, facecolor='g', alpha=0.75)
n, bins, patches = pyplot.hist(distances, 50, density=True, facecolor='g', alpha=0.75)
pyplot.xlabel('Distance ($\mu$m)', fontsize=18)
pyplot.ylabel('Probability', fontsize=18)
pyplot.title('Distribution of distances', fontsize=20)
pyplot.grid(True)
pyplot.xticks(fontsize=18)
pyplot.yticks(fontsize=18)
pyplot.show()
fig = pyplot.figure(figsize=(10,10))
#n, bins, patches = pyplot.hist(nearstDist, round(numpy.max(nearstDist)/ppbin),
density=True, facecolor='g', alpha=0.75)
n, bins, patches = pyplot.hist(nearstDist, 50, density=True, facecolor='g', alpha=0.75)
pyplot.xlabel('Nearest neighbor distance ($\mu$m)', fontsize=18)
pyplot.ylabel('Probability', fontsize=18)
pyplot.title('Distribution of distances of nearst neighbors', fontsize=20)
pyplot.grid(True)
pyplot.xticks(fontsize=18)
pyplot.yticks(fontsize=18)
pyplot.show()
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Appendix C: Nested CRISPR Sequences
Oligo name
ttn1_Nseq_1f
ttn1_Nseq_1r
ttn1_Mseq_1f
ttn1_Mseq_1r
ttn1_Cseq_1f
ttn1_Cseq_1r
ttn1_Cseq_2f
ttn1_Cseq_2r
ttn1 N-wrmScarlet
sgRNA target
ttn1 N-wrmScarlet
ssODN

ttn1 M-wrmScarlet
sgRNA target
ttn1 M-wrmScarlet
ssODN

ttn1 C-wrmScarlet
sgRNA target
ttn1 C-wrmScarlet
ssODN

Sequence (5’ -> 3’)
GTCCTTCATTCATTTCCGTCG
TCATTGATGGGCTCACTGG
TGCATTTCTACTCTGCAACTG
GAAAATCCAAATTCACACCGC
CGAAATAGTTGACAGGTCTCG
GCAACAATATCAACGAACACC
TTCAAGGTCCACACCGAGG
TTTGGGTTCCCTCGTATGG
AGGCCCTCTCACAAACATGG
TCGAAAGGTAACGAAACGAGGCCCTCTC
ACAAACATGGTCAGCAAGGGAGAGGCA
GTTATCAAGGAGTTCATGCGTTTCAAGG
TCCACACCGAGGGACGTCACTCCACCGG
AGGAATGGACGAGCTCTACAAGGGAGG
TGGTGGAGCTATGGAGGGCAACGAGAA
GAAAGGAGGAGGCCTTCCA
GTCATTAGTCATCACAAAGT
GCAATGTAGAGCGAGTGCACAACACTGT
CTCCGACGGTGGAGGAGGTGCTGTCAGC
AAGGGAGAGGCAGTTATCAAGGAGTTC
ATGCGTTTCAAGGTCCACACCGAGGGAC
GTCACTCCACCGGAGGAATGGACGAGCT
CTACAAGGGAGGTGGTGGAGCTTTTGTG
ATGACTAATGACAAGTAAGTTTTATTAA
AA
AATGCAATGATTCTATCCGA
AACGGTGAAGAGTTGGCGAATGCAATG
ATTCTATCAGGTGGAGGAGGTGCTGTCA
GCAAGGGAGAGGCAGTTATCAAGGAGT
TCATGCGTTTCAAGGTCCACACCGAGGG
ACGTCACTCCACCGGAGGAATGGACGAG
CTCTACAAGGGAGGTGGTGGAGCTGAAG
GTGAGTGTCGGAAACATCCTAGAATTGA
TATCG
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